the yield and quality of the product [13] . Microwave Irradiation-Enzyme Coupling Catalysis (MIECC) has also proven a useful tool for many enzymatic reactions mainly in the presence of organic solvents [14] , kinetic resolution of racemates, syntheses of new molecules, and protein digestion [15] [16] [17] [18] [19] .
anticonvulsant agent Progabide, which is a prodrug form of ɣ-aminobutyric acid (GABA), an important inhibitory neurotransmitter [1] .
The kinetic resolution (KR) using enzymes is one of the easiest methods to produce enantiomerically pure chiral amines and amides [2] [3] [4] . It is estimated that 40% of pharmaceuticals contain a chiral amine component in their structure [5] . Examples include a wide range of antiviral and anticancer carbocyclic nucleosides, such as Aristeromycin and Noraristeromycin [6] , (S)-amphetamine (1-phenylpropan-2-amine), a stimulant [7] and hyperthermic agent [8] , (R)-pmethoxyamphetamine, a constituent of (R,R)-formoterol, a potent bronchodilator [9] , and (R)-4-phenylbutan-2-amine, a precursor of antihypertensive dilevalol [10] , the active isomer of labetalol. In this regard, the development of methods to access enantiomerically enriched amines and amides is of special interest, although it is challenging [11] .
Microwave-assisted organic synthesis also attracted considerable attention in the last decade in organic chemistry [12] . Important advantages of this technique include a highly accelerated rate of the reaction and reduction in the reaction time with improvement in
Introduction
Amines are an important class of organic compounds widely used as building blocks in organic chemistry. They can be converted into their N-Mannich bases or imines, which results in prodrugs of higher lipophilicity, such as reported as an ideal biocatalyst for the preparation of organic nitrogen compounds [24] .
Our group has investigated biocatalytic reactions, such as aza-Michael reaction [25] [26] , kinetic resolution of mandelonitrile [27] and fluorophenylethanol derivatives by CALB [28] employing microwave radiation and conventional heating. C at 50 MHz). The spectra were acquired in chloroform-d (CDCl 3 ) and the chemical shifts were given in ppm downfield from tetramethylsilane (TMS) as an internal standard. Kinetic resolutions were carried out in a Tecnal TE-421 orbital shaker and a CEM Discover microwave reactor. Enzymatic reactions were analyzed by a Shimadzu GC 2010 gas chromatograph equipped with an AOC 20i auto injector, a flame ionization detector (FID), and a J&W DB-5 (30 m x 0.25 mm x 0.1 µm, 5%-(Phenyl)-methylpolysiloxane)) chiral column. Reagents and solvents were used as commercially obtained from Sigma-Aldrich or Synth, and, when necessary, purified and/or dried according to procedures described in the literature [29] . Column chromatography (CC) separations were carried out with silica gel 60 (400-230 mesh) and hexane and ethyl acetate (EtOAc) mixtures as eluents.
Material and methods

General
Enzymes
Lipase immobilized on acrylic resin from Candida antarctica (CALB) recombinant, expressed in Aspergillus oryzae (≥ 10,000 U/g), was courtesy of Novo Nordisk (Brazil). Lipase from porcine pancreas (PPL) 30-90 U/mg protein (one unit will hydrolyze 1.0 µequiv of triacetin in 1h at pH 7.7 at 37 o C) was purchased from Sigma (Steinheim, Germany). Lipase from Candida rugosa (CRL) type VII, ≥ 700 U/mg (one unit will hydrolyze 1.0 µequiv of fatty acid from a triglyceride in 1 hour at pH 7.2 at 37°C) was purchased from Sigma (Steinheim, Germany). Lipase from Candida cylindracea (CCL), 4.9 U/mg (one unit corresponds to the amount of enzyme that releases 1 μmol oleic acid per minute at pH 8.0 and 40°C) was purchased from Sigma (Steinheim, Germany). Lipase from Aspergillus niger ~ 200 U/g (1 U corresponds to the amount of enzyme that hydrolyzes 1 μmol acetic acid per minute at pH 7.4 and 40 °C) was purchased from Sigma (Steinheim, Germany). Lipase from Penicillium camemberti ≥ 50 U/g (1 U corresponds to the amount of enzyme that releases 1 μmol of free fatty acid per minute at pH 5.6 and 40°C) was purchased from Sigma (Steinheim, Germany). Lipase from Thermus thermophilus ≥ 3.0 U/g (1 U corresponds to the amount of enzyme that releases 1.0 μmol of palmitic acid per minute at pH 8.0 and 65°C from p-nitrophenylpalmitate) was purchased from Sigma (Steinheim, Germany). Lipase from Thermomyces lanuginosus solution ≥ 100,000 U/g was purchased from Sigma (Steinheim, Germany). Lipase from hog pancreas (HPL), 30.1 U/mg was purchased from Fluka -Sigma (Steinheim, Germany) (one unit corresponds to the amount of enzyme that releases 1 μmol of fatty acid from triglycerides per minute at pH 8.0 and 37°C (olive oil as substrate). Lipase Ak "Amano" from Pseudomonas fluorescens ≥ 20,000 U/g was purchased from Amano (Elgin, USA). Table 1 , Schemes 1-2). The reaction was finished by filtering off the enzyme and the product was extracted with ethyl acetate, dried with anhydrous sodium sulfate, and purified by silica gel column chromatography (CC) with hexane and ethyl acetate.
General
Microwave radiation-enzyme coupling catalysis of primary amines
The rac-amines 1-4 (0.4 mmol) and acylating agent [vinyl acetate (1.0 mmol) or ethyl acetate (2.5 mmol)] were added to a 10mL round-botton flask containing 2 mL distilled hexane and lipase (1.5 mg). The mixture was shaken and heated in a microwave reactor at 70 o C (150 W) for 15 min ( Table 2 ). The reaction was finished by filtering off the enzyme. The product was extracted with ethyl acetate, dried with anhydrous sodium sulfate, and purified by silica gel column chromatography (CC) with hexane and ethyl acetate. [30] [31] . The spectral data and GC-FID analyses are described in Supplementary Materials S1-S3.
N-(4-phenylbutan-2-yl)acetamide (6)
The eluent used to purify the acetamide 6 (obtained by kinetic resolution under orbital shaking) by CC was hexane and ethyl acetate (5:6 v/v). Gas chromatography (GC) was used in the analyses of the fractions containing acetamide 6 under the following conditions: DB-5 column, carrier gas: nitrogen (100.0 kPa), injector temperature: 250°C, injector split ratio .248 (c 1.00, EtOH). Enantiomeric excess: 89%. The spectroscopic data are in agreement with those reported in the literature [32] . The spectral data and GC-FID analyses are described in Supplementary Materials S4-S6.
N-(1,2,3,4-tetrahydronaphthalen-4-yl)acetamide (7)
The eluent used to purify the acetamide 7 obtained by the kinetic resolution under microwave irradiation) by CC was hexane and ethyl acetate (7:3 v/v). Gas chromatography (GC) was used in the analyses of the fractions containing acetamide 7 under the following conditions: DB-5 column, carrier gas: nitrogen (60.0 kPa), injector temperature: 250°C, injector split ratio: [32] . The spectral data and GC-FID analyses are described in Supplementary Materials S7-S9.
N-(2-methylcyclohexyl)acetamide (8)
The eluent used to purify the acetamide 8 (obtained by kinetic resolution under orbital shaking) by CC was hexane and ethyl acetate (5:6 v/v). Gas chromatography (GC) was used in the analyses of the fractions containing acetamide 8 under the following conditions: DB-5 column, carrier gas: nitrogen (55.1 kPa), injector temperature: 250°C, injector split ratio: 1:10, detector temperature: 250°C, oven: 120°C for 35 min, time of analysis: 35.0 min, retention time of compound 8: cis-enantiomer 7,82 min and trans-enantiomer 7,98 min. Acetamide 8 could not be analyzed in the available chiral columns due to the nonseparation of enantiomers. Isolated yield: 67%. [33] . The spectral data and GC-FID analyses are described in Supplementary Materials S10-S12.
Results
(±)-Heptan-2-amine 1 was subjected to acetylation catalyzed by lipase B from Candida antarctica using acylating agents (vinyl acetate and ethyl acetate) and solvents (hexane, ethyl acetate, isopropyl ether, toluene, tetrahydrofuran) for the establishment of the best reaction conditions. The reaction in the presence of ethyl acetate as an acylating agent and hexane as a solvent resulted in 42% conversion (isolated yield = 40%) and 88% enantiomeric purity to (R)-N-(heptan-2-yl)acetamide 5. The enzymatic resolution also showed better results in the presence of isopropyl ether and toluene (Table 1) .
In accordance with preliminary results, studies were extended employing (±) (Table 2) .
Enzymatic resolution with (±)-amine 2 was performed at 30 When the amount of catalyst was increased from 2 to 20 mg, the reaction conversion did not increase (c < 7%), although the reaction time had been prolonged to 7 d. An exception occurred when the catalyst used was porcine pancreatic lipase, ie., acetylated product 7 was obtained with 68% conversion and reaction time of 1 d (Scheme 2).
Five lipases (T. lanuginosa, P. camembert, C. cylindracea, HPL, CALB) were selected for the study of kinetic resolution of amine 1-4 with ethyl acetate as Nd= not determined.
Scheme 1. Kinetic resolution of (±)-amine 2 by CALB in different solvents and temperatures
Scheme 2. Kinetic resolution of amine 3 by CAL-B acylating agent. Hexane was used as a solvent and the reaction time was 7 h. CALB resulted in better ee values and conversions for amides 5 (c = 14%, 71% ee) and 6 (c = 24%, 69% ee). The best conversion for amine 1 was achieved in the presence of C. cylindracea (c = 32%, 3% ee). Amines 3 and 4 were not converted into their products under these conditions (c < 2%). Due to the importance of green chemistry and sustainable reactions, the goal was to decrease the reaction time. The kinetic resolution of primary amines 1-4 was investigated under microwave radiation employing CALB as a catalyst, hexane as a solvent and vinyl acetate or ethyl acetate as an acylating agent. No product was obtained when ethyl acetate was used as an acylating agent. However, biocatalytic reactions under microwave radiation and using vinyl acetate yielded acetylated products with higher conversions with very short time (15 mins) in comparison with reactions in the absence of CALB (Table 3 ).
Discussion
The results shown in Table 1 were in agreement with those of the literature [34] when the parameter analyzed was the solvent. Lipases have higher activity in hydrophobic solvents in which residual water molecules present are available for enzyme re-hydration and generate a greater conformational mobility and increase the catalytic efficiency of lipases.
The reactions using ethyl acetate, isopropyl ether, toluene and THF as solvents and vinyl acetate as an acylating agent yielded good conversions (c = 40-56%), however they did not lead to the formation of products with selectivity (Table 1) .
The decrease in the enantiomeric excess when the temperature was 60°C may be due to the rise in the temperature, which causes an increase in the molecular mobility and alters the conformation of the catalytic site of the lipase (Scheme 1). These modifications result in higher spatial freedom for the substrate, as well as easier access to the active site. Therefore, the enantiomer that reacts more slowly becomes less sterically hindered and leads to a decrease in the enantioselectivity of the reaction [35] . The use of ultrasound-assisted systems have been reported in the literature as an alternative for the use of temperature in lipase-catalyzed reactions [36] .
When the parameter analyzed was the acylating agent, the ethyl acetate yielded better ee's (Table 1) . Activated esters, such as vinyl acetate and 4-chlorophenyl acetate have been used as acyl donors in the kinetic resolution Nd= not determined.
of alcohols, wherein vinyl acetate is the best for the esterification of rac-alcohols [37] [38] [39] . Activated esters, i.e., those containing unsaturated groups or electronegative functional groups are known to react more quickly as acyl donors than ethyl acetate [39] , because the reaction rate becomes higher since the acylation is irreversible. For example, the kinetic resolution with vinyl acetate is irreversible because an unstable product, i.e., vinyl alcohol, is formed in stoichiometric amounts and quickly reacts to form acetaldehyde via keto-enol tautomerization [38] . When a saturated acyl group donor, such as ethyl acetate, is used, ethanol is formed as a by-product and the reaction is reversible. The equilibrium can be shifted to the desired ester using excess of acyl donor. However, the reaction rate is quite slow in ethyl acetate [40] and decreased further by ethanol as the hydrophobicity of the reaction mixture is increased [39] . Even though ethyl acetate and acetic acid can also cause enzyme inhibition, ethyl acetate is the best acylating agent for strong nucleophiles (amines).
For the enzymatic resolution of amines 1-4 under microwave radiation and ethyl acetate as the acylating agent, no product was observed in the absence of lipase (control reaction). When Hog pancreatic lipase (HPL) was used, no significant catalytic activity was observed. CALB showed low conversions to (±)-heptan-2-amine 1 (c = 2%, > 99% ee) and (±)-4-phenylbutan-2-amine 2 (c = 4%, 40% ee).
When the reaction was performed in the presence of vinyl acetate under microwave radiation, acetylation occurred in the absence of lipase (amide 5, c = 34%, amide 6, c = 40%, amide 7, c = 1%, amide 8, c = 74%). These results show microwave radiation was sufficient to promote the formation of products, because when the reaction was performed in an orbital shaker in the absence of lipase, the products were not formed.
Conversion was increased in the presence of CALB, but with no significant formation of enantiomeric products (amide 5, c = 91%, 5% ee; amide 6, c = 84%, 16% ee; amide 7, c = 26%, 5% ee; amide 8, c = 98%, 0% ee). The highest catalytic activity shown by CALB may be attributed to the higher thermal stability of the immobilized enzyme [41] . The results of the kinetic resolution assisted under microwave radiation are in agreement with those of the literature [42] . Under microwave heating, the lipase activity increases due to the increased molecular collisions, reduced inhibition constant, and a synergism between the microwaves and the medium in the lipase action. Microwaves also increase the entropy of the system and the affinity between the substrate and the active site of lipase [42] . However, studies have shown many reactions are not favored by microwave radiation [43] .
The low enantiomeric excesses obtained may also be attributed to the increase in the affinity of the two enantiomers by the active site, which reduces the selectivity of lipases and to the fact of in the absence of enzyme the conversion was significant.
The reaction with CALB, hexane, and ethyl acetate as acylating agents for chiral amines 1-4 was performed for the isolation of the products formed. The absolute configuration was determined by the comparison between the results of optical rotation and those described in the literature (Table 4) [32, [44] [45] [46] [47] .
The kinetic resolution of (±)-amine 1 with CALB employing ethyl acetate was in agreement with those described in the literature [48] and similar results were obtained for (±)-amine 2 (c=49% and 97% ee, dioxane, CALB, t = 17 h) [48] .
Gonzalez-Sabin et al. [11] reported 51% conversion with 86% ee for the kinetic resolution of amine 2 in ethyl acetate as a solvent and an acylating agent with 300 mg of CALB for 4 h [11] . In the present study, the enantiomeric excess was increased (> 99% ee, 22% conversion to amide [49] reported a 64% conversion and 48% ee for amide 7 employing CALB as a catalyst and ethyl acetate as an acylating agent in isopropyl ether [49] . The difference between our results and those obtained by Skupinska et al. [49] can be explained by the strong influence of the solvent on the conformation of the active site of the enzyme, which changes the outcome of the reactions.
Studies on amine 4 have not been found in the literature. No enantiomeric excess was determined because the enantiomers could not be separated on chiral column due to the mixing of diastereoisomers. For amide 8, reactions under MW provided good conversions in both presence and absence of CALB (Table 2) .
Several experiments were performed with different types of solvents, acylating agents and enzymes, variation in temperature, and amount of biocatalysts, substrates and methods (orbital shaking and microwave radiation). Nevertheless, the reactions by kinetic resolution of primary amines 1-4 using lipases under different experimental conditions were unsuccessful, possibly due to the influence of the type of acylating agent used on the esterification reactions of amines.
Because of the high reactivity of amines with vinyl acetate, which is one of the best reagents for the resolution of alcohols, the acylating agent is not efficient for the resolution of amines. Ethyl acetate, which is a different type of acylating agent, is generally used as a solvent and an acylating agent in the acylation of amines. When used as an acyl donor, long-chain esters considerably contribute to increasing enantioselectivity in the acylation of amines by lipases [43] .
Conclusions
Racemic amine 1 was used for the determination of the best reaction conditions and resulted in 42% conversion and 88% enantiomeric excess of amide 5. The condition established for the kinetic resolution of primary amines 1-4 determined the use of hexane as a solvent, ethyl acetate as an acylating agent at 30 o C and 2.0 mg enzyme as a catalyst.
The reaction temperature increase from 30°C to 60 o C caused a decrease in the enantiomeric excess. The increase in the temperature enables a greater molecular mobility, which increases the effective number of collisions between the active site and both enantiomers and decreases the enzyme enantioselectivity.
The evaluation of the influence of the amount of catalyst present in the reaction medium showed the reaction time decreases and maintains a similar enantiomeric excess when the enzyme mass increases.
The kinetic resolution of primary amines 1-4 showed good conversions, however lower ee's when performed under the effect of microwave radiation. The best enantiomeric excess values were obtained with the use of CALB even under microwave radiation. A factor that favored such results is the immobilized form of the enzyme, which provides higher structural and thermal stability. Under microwave radiation in hexane and ethyl acetate as acylating agents at 70 ºC, amine 1 results in amide 5 with 99% enantiomeric excess and amine 2 results in amide 6 with 40% enantiomeric excess.
